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Abstract. Regular, self-organized spatial patterns in primary producers have been
described in a wide range of ecosystems and are predicted to affect community production
and resilience. Although consumers are abundant in most systems, the effect of trophic
interactions on pattern formation in primary producers remains unstudied. We studied the
effects of top-down control by herbivores on a self-organized landscape of regularly spaced,
diatom-covered hummocks alternating with water-ﬁlled hollows on an intertidal mudﬂat in
The Netherlands. Spatial patterns developed during spring but were followed by a rapid collapse
in summer, leading to a ﬂat landscape with low diatom densities and little variation in sediment
bed level. This dramatic decline co-occurred with a gradual increase of benthic herbivores. A
manipulative ﬁeld experiment, where benthic herbivores were removed from the sediment,
revealed that both diatom growth and hummock formation were inhibited by the activity of
benthic herbivores. Our study provides clear evidence of top-down control of spatial self-
organized patterns by benthic herbivores within a biological–geomorphic landscape.
Key words: biogeomorphology; diatom–sediment feedbacks; herbivory; intertidal ﬂats; landscape
formation; macrofauna; spatial self-organization; sudden regime shift; top-down control.
INTRODUCTION
Spatial self-organization has been observed in ecosys-
tems all over the world, from tropical arid lands to
boreal peat lands (Klausmeier 1999, Eppinga et al.
2009). These self-organized spatial patterns result from
strong, local feedback mechanisms, whose effects can
scale-up to form regular or scale-free patterns (Pascual
and Guichard 2005, Rietkerk and Van de Koppel 2008).
Regular patterns emerge where positive and negative
feedbacks occur at different spatial scales (Rietkerk and
Van de Koppel 2008). In semiarid ecosystems, for
example, vegetation-induced inﬁltration of rain water
into the sediment causes local facilitation between
plants, reduces water availability at greater distances,
resulting in regularly spaced vegetation patches (Klaus-
meier 1999, Couteron and Lejeune 2001, Von Harden-
berg et al. 2001). Spatial self-organization has important
implications for the functioning of ecosystems, as it can
increase primary production and enhance the stability of
ecological communities (Rietkerk et al. 2002, Van de
Koppel and Rietkerk 2004, Van de Koppel et al. 2005).
Top-down control by herbivores on spatially pat-
terned vegetation can have nonlinear effects on com-
munity production and resilience in self-organized
systems (HilleRisLambers et al. 2001, Rietkerk et al.
2004). Despite their potential impact, little is known
about the effect of top-down control on the process of
self-organization within ecosystems, or about the
potential for herbivores to cause catastrophic shifts in
spatially self-organized vegetation (Ke´ﬁ et al. 2007).
Previous model studies have predicted a breakdown of
self-organization once a threshold of grazing pressure is
exceeded, followed by a collapse to an homogeneous
state with low vegetation cover (Rietkerk et al. 2000,
HilleRisLambers et al. 2001). This collapse affects food
web structure and ecosystem function because an
important food source is lost. While it is well known
that predator–prey interactions can cause spatial pat-
terns in ecological communities (e.g., Huffaker 1958,
Hassell et al. 1991, Maron and Harrison 1997), there is
little empirical evidence for the inﬂuence of top-down
control on landscape formation in a spatially self-
organized ecosystem.
In this study, we test the inﬂuence of top-down
control on spatial self-organization on an intertidal
mudﬂat. In this ecosystem, a spatial pattern of elevated
hummocks alternating with water-ﬁlled hollows devel-
ops each spring (Blanchard et al. 2000, de Brouwer et al.
2000, Gouleau et al. 2000, Whitehouse et al. 2000,
Lanuru et al. 2007), due to a strong interaction between
diatom growth and geomorphological processes (Fig.
1A; Weerman et al. 2010). Patterning on tidal ﬂats can
be a seasonal phenomenon, in particular on tidal ﬂats
where bed level differences between hummocks and
hollows are small. In these systems, spatial patterns form
in March–April (Fig. 1A) and disappear late May–June,
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returning to a homogenous bare landscape (Fig. 1B).
Observations from this system suggest that the decline is
potentially caused by increased grazing pressure by
benthic animals (de Brouwer et al. 2000). The effects
that macrobenthic grazers have on the interaction
between diatoms and sedimentation have been investi-
gated in a number of ﬁeld and model studies (Wood and
Widdows 2002, Paarlberg et al. 2005, Le Hir et al. 2007),
revealing that herbivore grazing can inﬂuence sediment
dynamics both directly by feeding and indirectly
through bioturbation. Hence, intertidal mudﬂats pro-
vide a unique opportunity to investigate the effects of
increasing top-down control in spatially self-organized
ecosystems and to test the effects of grazing on self-
organization and landscape formation in manipulative
experiments.
Here, we present a study on the effect of seasonal
changes in top-down control on spatial self-organization
and landscape formation on an intertidal ﬂat. We ﬁrst
determined seasonal changes in diatom biomass, eleva-
tion differences in the landscape, and herbivore abun-
dance in two consecutive years. We then hypothesized
that benthic herbivores cause a decline in diatom
biomass and bed level differences leading to a change
from a spatial self-organized landscape into a system
lacking landscape patterns. To test the causality of this
decline, we next performed a manipulative ﬁeld exper-
iment with defaunated sediment where we applied
patches of sediment including and excluding herbivores.
We hypothesize that the patches where herbivores are
removed reveal increased diatom content and will
maintain their bed level relative to the surrounding
sediment, while the grazed plots will show a decreased
diatom content and bed level. Using this combination of
observational and manipulative methods, we found clear
evidence for increased top-down control on spatial self-
organization, changing the ecosystem from a diatom-
covered, patterned mudﬂat into an erosive mudﬂat
lacking spatial self-organization.
MATERIALS AND METHODS
Study system
A ﬁeld study was performed at the Kapellebank, a tidal
ﬂat along the edges of the Westerschelde estuary, in the
Netherlands (518270 N; 38580 E). From early spring until
the onset of summer, spatial diatom patterns were
observed on 80% of the surface of this intertidal ﬂat.
Pattern formation is initialized when a small, random
increase in sediment elevation improves diatom growth.
On top of these elevations, diatoms accumulate, forming
a visible brown bioﬁlm, which in turn is strengthened by
the excretion of extracellular polymeric substances (EPS)
(Neumann et al. 1970). EPS inhibits erosion by increasing
sediment cohesion and decreasing bottom roughness
(Paterson 1989, Sutherland et al. 1998a, b). This results
in an increase of sedimentation of ﬁne-grained particles
(de Brouwer et al. 2000, Montserrat et al. 2009), which
subsequently stimulates diatom growth (Van de Koppel
et al. 2001). In the hollows, water accumulates during low
tide, inhibiting the buildup of EPS as it dissolves in the
overlaying water (Blanchard et al. 2000, Paterson et al.
2000). This in turn leads to increased erosion of diatoms
and sediment in the hollows during inundation. The
interaction between accumulation of sediment on the
hummocks and drainage of water toward the hollows
generates a scale-dependent feedback of small-scale
facilitation and larger-scale inhibition of diatom growth.
This scale-dependent feedback provides a possible
explanation for spatial pattern formation when herbivore
densities are low (Weerman et al. 2010). In the Wes-
terschelde estuary, a peak in microphytobenthos occurs in
April–June (Herman et al. 2001, Montserrat et al. 2008).
During this period, spatial patterns are clearly present at
several locations in the estuary, but disappear from the
end of May onward, not returning until spring next year
(de Brouwer et al. 2000).
Field observations
To investigate whether increased herbivore numbers are
coincident with observed collapse of self-organized diatom
patterns and the co-occurring physical landscape on
intertidal ﬂats, we monitored macrobenthic animal
densities from February until the patterns had disap-
peared in June in both 2007 and 2008. In 1–2 week
intervals during each year, we sampled diatom biomass,
macrofauna density, sediment grain size proﬁles, and
elevation differences between hummocks and hollows.
Sediment depth proﬁles were determined monthly April–
June in 2007. In 2008, the temporal sampling frequency
was lower compared to 2007, as the sampling in 2008 was
done to determine consistency of the pattern found in 2007
for patchiness of diatoms and inﬂuence of macrofauna.
Difference in relative bed level elevation between
hummocks and their adjacent hollows, was measured
using a plastic white grid board (0.85 3 0.50 m). The
board was pushed in and placed level to the sediment,
set perpendicular to the patches in such a way that the
grid board included the lowest and highest point of a
hollow and hummock, respectively. A digital photo
(25603 1920 pixels) was taken of the white grid board,
and the photographs were geo-referenced and geo-
corrected using Erdas image processing software (Erdas
Imagine Professional version 9.3; Erdas, Atlanta,
Georgia, USA). To distinguish between the grid board
and sediment, an unsupervised classiﬁcation was made
using the image processing software. After classiﬁcation
the topographic proﬁles were extracted and a value of
relative bed level height of every 0.25 cm along the board
was calculated (for the detailed procedure of these
methods see van der Wal et al. 2005). Bed level
differences at each location were determined from this
image as the difference between maximum and mini-
mum bed level over the entire horizontal range.
To measure diatom biomass on the intertidal ﬂat,
chlorophyll a content in the top layer of the sediment
was determined as a measure for diatom biomass on
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hummocks. Samples were taken of the upper 2 mm of
the sediment with a 100-mL syringe, where the end was
cut off (inner diameter [ID] 36 mm). Samples (n ¼ 5)
were placed on ice during ﬁeldwork and stored at808C
upon arrival in the laboratory. Pigment extraction was
done by adding 10 mL 90% acetone to lyophilized
sediment followed by chlorophyll a quantiﬁcation by
high-pressure liquid chromatography (HPLC) of the
supernatant (Jeffrey and Humphrey 1975). Chlorophyll
a concentrations are expressed as lg chlorophyll a per
gram dry sediment (lg/g).
Macrofauna density was measured adjacent to the
sediment samples taken to determine diatom content.
Twenty centimeter deep macrofauna samples (n ¼ 3
samples) were extracted using a core (ID 11 cm). The
cores were sieved through a 0.5-mm mesh size and ﬁxed
with a neutralized 8% formalin solution. Prior to
analysis, samples were colored using 0.01% Rose Bengal.
The identiﬁcation of macrofauna in the cores was done
up to genus level to determine the most abundant taxa
and calculate total macrofauna abundance.
We monitored changes in sediment grain size along
depth proﬁles, as changes in grain size distribution could
reﬂect accumulation of ﬁne-grained sediment during
pattern formation. Samples for sediment grain size
analysis (n ¼ 5) were taken using a syringe, with the
end cut off (ID 36 mm), at the beginning of April, May,
and June in 2007. Samples were kept on ice during the
ﬁeldwork before they were sliced at depths of 0–0.5, 0.5–
1.0, 1.0–1.5, 1.5–2.0, 2.0–3.5, and 3.5–5 cm in the
laboratory. These subsamples were freeze-dried, after
which the silt and clay content was determined as the
fraction of the sediment that is smaller than 63 lm using a
particle size analyzer (Malvern Mastersizer 2000,Worces-
tershire, UK). This fraction included both clay (,2 lm)
and silt particles (2–63 lm); therefore we refer to this
fraction as mud content in the rest of the paper.
Testing the effects of benthic herbivores
A manipulative ﬁeld experiment was carried out to
test the inﬂuence of benthic herbivores on the disap-
pearance of spatial patterns. We compared differences in
diatom growth and sediment elevation change between
natural sediment and sediment where herbivores were
removed. The experiment was carried out in May 2007
when diatom patterns had disappeared. Prior to the
experiment, sediment obtained from the intertidal ﬂat
was frozen (208C) for 48 h, removing all living
macrofauna from the sediment. After defrosting, the
sediment was taken back to the intertidal ﬂat where it
was applied on the ambient sediment surface. Either
natural or defaunated sediment was applied in a round
cut-off tube (ID 32 cm), where 4 L of sediment was
added (Fig. 2A), resulting in hummocks that were
slightly smaller compared to the natural hummocks. The
cut-off tube was removed after application, which
resulted in a patch of sediment with macrofauna and
without macrofauna (Fig. 2B). The defaunated sediment
was applied on a plastic sheet to prevent animals from
below to enter, taking care that this sheet was not
exposed. Each treatment was replicated ﬁve times.
Sediment bed level and chlorophyll a content were
measured as described previously, at the start of the
experiment and after nine days. The sediment bed level
difference between the top of the hummock with the
surrounding sediment was taken as measure for
hummock bed level. Hummock formation was calculat-
ed as the difference in hummock bed level at the start
and end of the experiment. Similarly the difference
between chlorophyll a concentration at the start and end
of the experiment was taken as measure for relative
changes in diatom content. We tested the effectiveness of
our treatment by sampling macrofauna density at the
end of the experiment.
FIG. 1. Photographs of the intertidal ﬂat at the Kapellebank, The Netherlands. (A) In April, a spatially patterned intertidal ﬂat
with hummocks and hollows is visible. (B) These patterns have disappeared in June, and the landscape has changed into a
homogenous intertidal ﬂat with low diatom biomass. Photo credit: J. Van de Koppel.
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Statistical analysis
One-way ANOVA was used to identify changes in
diatom content, macrofauna density, and patchiness for
the separate sampling dates for both years of the
observational study, followed by Tukey’s hsd post hoc
comparison. Normal distribution of the data was
ensured by visual inspection of Q–Q plots, and Levene’s
test was used to check for homogeneity of variances. In
cases where the data were not normally distributed, log-
transformation was performed. An ANOVA was
performed with sampling date and vertical distribution
as treatments to identify a possible interactive effect of
vertical distribution and month on mud content. The
experimental data were analyzed using Welch’s two-
sample t test (one-tailed). All statistics were computed
using R (available online).4
RESULTS
During both years, we observed a gradual increase in
benthic diatom biomass early in the season, until
chlorophyll a concentrations in the upper 2 mm reached
values of 150–180 lg/g. Then, within about a month,
chlorophyll a concentrations dropped to levels below 50
lg/g (Fig. 3A, B; P , 0.001). This decrease was
particularly strong in 2007 and appeared to be more
gradual in 2008. Bed level differences also decreased
signiﬁcantly during this period, although the decrease
was more gradual (Fig. 3C, D; P , 0.001). During the
season, this process seemed to be irreversible. Once the
diatom mats had disappeared, bed level variation
decreased and did not come back during the remainder
of the year (de Brouwer et al. 2000). Macrofaunal
densities did increase slightly during the period of
diatom disappearance in both 2007 and 2008 (Appen-
dix). After the rapid disappearance of benthic diatoms,
bed level differences declined, and macrofauna, mostly
animals that feed on benthic diatoms and bioturbate the
FIG. 2. We studied the effects of top-down control by herbivores on a self-organized landscape of regularly spaced, diatom-
covered hummocks alternating with water-ﬁlled hollows on an intertidal mudﬂat. Photographs show (A) the experimental setup of
the manipulative ﬁeld measurement with tubes ﬁlled with 4 L of sediment, (B) artiﬁcial hummock after removal of the tube, (C)
patches after nine days of experiments where herbivores were removed, and (D) patches after nine days of experiments where
herbivores were present. The area photographed in panels (B), (C), and (D) is 503 50 cm. Photo credit: E. Weerman.
4 hhttp://www.R-project.orgi
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sediment like Aphelochaeta, Corophium, and Macoma,
increased very rapidly (Appendix). These bioturbating
taxa dominated .80% of the total benthic herbivore
abundances we found, while a minor fraction (,5%)
were omnivores. Moreover, mud content in the sediment
was reduced and homogenized in depth when macro-
fauna became more abundant (Fig. 4). Analysis of mud
content revealed that month explained a signiﬁcant part
of the variance (P , 0.001), indicating that the mud
content was signiﬁcantly higher in April compared to
May and June. There was also a vertical distribution in
mud content where the mud content was signiﬁcantly
higher in the top layer (0–1 cm) in April and May (Fig.
4; P , 0.001), while in June the mud content in the top
layer was equal to lower layers (Fig. 4; P . 0.05).
Experimental test of herbivore inﬂuence
The manipulative experiment carried out to test the
effect of herbivores on pattern formation and diatom
biomass revealed a striking effect of herbivory on both
hummock formation and diatom growth. Diatom
biomass was signiﬁcantly higher in defaunated sedi-
ments (Fig. 5A; P , 0.05), being an order of magnitude
greater compared to untreated sediment. In addition,
nine days after herbivore removal, hummock bed level
FIG. 3. Density (mean 6 SE) of diatoms, as reﬂected by chlorophyll a concentration (open circles, n ¼ 5 samples on
hummocks), and macrobenthos (solid triangles, n ¼ 3 samples on hummocks) and bed level differences between hummocks and
hollows (solid squares, n¼ 5 samples) for each date shown for 2007 and 2008. Chlorophyll a content is a proxy for diatom biomass.
Bed level differences are the differences between the sediment bed level of the hummock compared to the adjacent hollow.
FIG. 4. Percentage mud (mean 6 SE; sum of the silt and
clay fractions; i.e., percentage of the sediment with particle size
,63 lm) at different sediment depths at the beginning of April,
May, and June 2007.
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increased by nearly 2 cm in the defaunated treatments,
most likely due to the combined effects of sedimentation
within the experimental patches and erosion around the
patches. In contrast, hummock bed level decreased in
the treatment where herbivores were present (Fig. 5B; P
, 0.001), resulting from erosion on top of the patches.
Nine days after treatment application, macrofauna
densities were 10 times lower in the defaunated
treatments (2.8 6 0.7 3 1000 individuals/m2, mean 6
SE) compared to the controls (24.3 6 6.3 3 1000
individuals/m2), showing that the effect of our treatment
lasted for the entire experimental period.
DISCUSSION
Our results reveal a clear top-down effect of
herbivores causing the disappearance of self-organized
spatial patterns of diatoms and the co-occurring
physical landscape. In each of the two consecutive
years, a gradual buildup of diatom biomass in the top
layer of the sediment was followed by a rapid decline of
benthic diatoms to very low biomass, co-occurring with
a gradual buildup of benthic animal numbers. During
this transition, the landscape changed from a regular
pattern of hummocks and hollows into a ﬂat homoge-
neous landscape with no visible diatom bioﬁlms. The
onset of the diatom population collapse begins after
several macrobenthos species, particular Macoma lar-
vae, have settled on the intertidal ﬂat, which was
particularly evident in 2007. Benthic invertebrates
predominantly prefer primary settlement at sites with
high diatom biomass and EPS content (Keough and
Raimondi 1995, Dahms et al. 2004, Patil and Anil 2005,
Jouuchi et al. 2007, Van Colen et al. 2009). Thus the
importance of benthic diatoms and associated EPS
content on top of the hummocks for settlement of larvae
from the water column is evident. A manipulative ﬁeld
experiment revealed that benthic herbivores prevent
diatoms from stabilizing the sediment, and thereby may
block the mechanism of spatial self-organization, as the
absence of herbivores resulted in the reoccurrence of
hummocks on the intertidal ﬂat. Our study highlights
that the effect of top-down control can extend beyond
the direct effect of consumption of the prey community
in self-organized ecosystems.
Our results are in close agreement with the predictions
of theoretical studies on self-organized patterns gener-
ated in other systems including arid ecosystems.
Mathematical models have predicted that, along a
gradient of herbivore impact, arid vegetation undergoes
a transition from self-organized spatial patterns to a
homogeneous degraded state without vegetation (Hille-
RisLambers et al. 2001). Increasing density of benthic
herbivores, possibly co-occurring with physical distur-
bance (e.g., wind-induced waves), disabled the forma-
tion of self-organized patterns on intertidal ﬂats. This
resulted in a collapse of the spatially patterned system
that was seen in both years of observation. Although the
general predictions are consistent with observational
studies on the effects of increased grazing on patch
formation in arid grasslands (Rietkerk et al. 2000, Nash
et al. 2003, Stavi et al. 2009), experimental evidence for
the effects of grazing on the formation of spatial
vegetation patterns, and on the interaction between
plants and abiotic processes, is limited. Our experimen-
tal results conﬁrm the hypothesis that grazing affects the
functioning (e.g., sediment accretion and diatom bio-
mass) of self-organized landscapes by interfering with
feedbacks between organisms and sedimentary process-
FIG. 5. Relative differences in (A) chlorophyll a concentration and (B) bed level (all values mean 6 SE) of the ﬁeld experiment
with two treatments: non-grazed (gray bars, n ¼ 5) and grazed (white bars, n ¼ 5).
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es. Mechanisms resulting in spatial patterns that act on
intertidal ﬂats and semiarid ecosystems are different and
the temporal scale of the effect is much shorter on
intertidal ﬂats compared to arid ecosystems. Hence,
increased top-down control appears to have similar
effects in both ecosystems, emphasizing the generality of
our results.
The importance of predator–prey relations and top-
down control for spatial self-organization has mostly
been studied in systems where predator–prey interac-
tions are the cause of spatial patterns (Huffaker 1958,
Hassell et al. 1991). The occurrence of spatial patterns in
predator–prey systems are, for example, observed in
insect parasitoid–host interactions (Maron and Harri-
son 1997). In our system, the benthic grazers are
important, yet they are not part of the process that
causes spatial pattern formation. These grazers rather
form a higher trophic level that inﬂuences pattern
formation by reducing the density of one of the
components of the pattern-forming feedback, the
diatoms. Herbivores reduce diatom biomass and asso-
ciated EPS (de Deckere et al. 2001); this can cause a
failure of the diatom–sedimentation feedback. Herbi-
vores may block the spatial self-organization as a
landscape-forming process and in the end induce a ﬂat
degraded landscape that lacks signiﬁcant diatom cover.
Prior research has shown that benthic herbivores
themselves are under top-down control by predators,
e.g., migratory birds (Daborn et al. 1993), emphasizing
the importance of top-down control in inﬂuencing the
spatial structure and functioning of intertidal ecosys-
tems.
It is likely that in our system, the decline of diatom
biomass cannot be solely explained by direct grazing,
but is partly due to the indirect effects of benthic
herbivores due to bioturbation and its physical effect on
diatom bioﬁlm integrity. Most species we found (.80%)
are deposit feeders, which feed from a funnel and crawl
through or over the sediment while feeding on the
diatoms (Ysebaert et al. 2003). While feeding, these
herbivores mix sediment and the attached benthic algae
(Solan et al. 2003), and may inhibit the buildup of mud
in the upper layers of the sediment (Mermillod-Blondin
et al. 2004). These indirect effects of benthic grazing in
part explain the dramatic decline in benthic algae.
Moreover, a number of studies emphasize that, in
general, only a small fraction of benthic primary
production on tidal ﬂats is directly grazed by macro-
benthos (Herman et al. 2000, Van Colen et al. 2010).
Nevertheless, the taxa we ﬁnd just before and during the
collapse, e.g., Corophium, Macoma, and Aphelochaeta,
feed mostly on benthic diatoms, as is evidenced by their
stable isotope ratio (Herman et al. 2000). Hence, their
biomass is mostly supported by local diatom primary
production, which implies that the intensity of bio-
turbation is an indirect effect of grazing. Similar effects
of herbivore bioturbation affecting sediment texture and
soil erosion have been observed on intertidal ﬂats (e.g.,
Widdows et al. 2000), salt marshes (e.g., van Wesen-
beeck et al. 2007), and in terrestrial ecosystems (e.g.,
Stavi et al. 2009). For example in arid ecosystems
trampling by herbivores results in water loss and erosion
(Stavi et al. 2009). In arctic tundra ecosystems, grubbing
of vegetation by geese has a devastating effect on plants,
changing large areas of marsh to bare mud (Jefferies
1988, Iacobelli and Jefferies 1991). This shows that both
in terrestrial as well as estuarine ecosystems, herbivores
can impose strong indirect effects on biotic components
of the ecosystem as a consequence of their grazing,
thereby changing landscape morphology.
Ecosystems that exhibit strong feedback mechanisms
are associated with catastrophic shifts and bistability,
where sudden, irreversible switches to alternative states
may occur in response to gradually changing environ-
mental conditions (Scheffer et al. 2001). Spatial patterns
can indicate the presence of, and proximity to, a switch
point (Rietkerk et al. 2004, Ke´ﬁ et al. 2007). The co-
occurrence of both self-organized spatial patterns and a
dramatic decline of diatom biomass during spring, in
particular in 2007, suggest that two stable states may
occur on intertidal ﬂats (Van de Koppel et al. 2001).
However, a ﬁeld experiment where diatom patterns and
landscape structure were removed using ﬂoor sweepers,
showed complete recovery of both diatoms and hum-
mocks within two weeks, indicating the absence of
alternative stable states (Weerman et al. 2010). Al-
though this experiment was replicated three times during
the season until just before the transition into the ﬂat
sediment state, no differences between treatments in
recovery time were found (Weerman et al. 2010). Hence,
we have no conclusive evidence for considering them as
a catastrophic shift between alternate stable states, even
though the decline of diatom biomass was dramatic.
Nevertheless, the collapse of diatom densities was
striking and remarkably occurs at a density of ;20 000
individuals/m2 in both years. This could indicate that
there is a macrobenthos density threshold at which the
collapse occurs. The precise position of this threshold is
likely to vary from system to system, as sedimentary
characteristics (e.g., water content) and physical forcing
(e.g., winds) also play a role in determining the
erodability of sediments (de Brouwer et al. 2000,
Tolhurst et al. 2008). Diatom biomass can decrease
rapidly when exposed to offshore winds, even at
relatively low wind speeds (de Jonge and van Beusekom
1995, de Brouwer et al. 2000). In 2007, stronger winds
were present when diatoms were declining, while
conditions in 2008 were less severe, providing a possible
explanation for the stronger collapse in 2007 relative to
2008 (Dutch Ministry of Transport, Public Works, and
Water Management; data available online).5 Hence, it is
possible that multiple factors are responsible for the
dramatic decline that is observed in 2007. Nevertheless
5 hhttp://www.hmcz.nli
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our experiment clearly identiﬁes top-down control as an
important factor in determining diatom densities.
Our study highlights that the effect of top-down
control can extend beyond the direct effect of consump-
tion of the prey community in self-organized ecosystems.
By lowering diatom stocks, benthic herbivores inhibit
the diatom–sediment feedback, which is responsible for
the spatial self-organization, resulting in the disappear-
ance of self-organized spatial patterns of diatoms and
the co-occurring physical landscape. Loss of self-
organization has far-reaching implications for intertidal
ecosystems. During this diatom collapse, the sediment
bed level becomes more erosive and as a consequence the
sediment stored in the hummocks is lost to the overlying
water within a few weeks. This loss can affect the entire
benthic community (Montserrat et al. 2008), as sediment
is an important source of nutrients (Van de Koppel et al.
2001) and organic matter (Herman et al. 2000).
Moreover, the eroded sediment can increase water
turbidity and can thereby affect planktonic as well as
benthic primary production (Herman et al. 2001, Staats
et al. 2001). Hence, by disabling self-organization
processes, top-down control can dramatically inﬂuence
both community structure and ecosystem functioning.
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APPENDIX
Cumulative abundances of the most abundant macrofauna taxa in 2007 and 2008 (Ecological Archives E092-042-A1).
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